We demonstrate a photon-counting optical-time-domain reflectometer (OTDR) operating at a wavelength of 0.85 um at room temperature with high sensitivity (3 x O-15 W) at high resolution (1.5 cm, 150 psec). Measurements of splice losses and Rayleigh scattering losses less then 0.1 dB with centimeter resolution are demonstrated to be possible with such an OTDR.
Various types of high-sensitivity photon-counting optical-time-domain reflectometers (OTDR's) at wavelengths of 1.3 to 1.5 gm have been demonstrated. [1] [2] [3] In these experiments InGaAs detectors, operating at room temperature in the triggered avalanche mode, were used to detect single photons, and a multichannel pulse analyzer, operating in the multiscaler mode, was employed to count the pulses occurring in successive time intervals. A range of 50 km and a resolution of 100 m (1 sec) were achieved. Cova et al. 4 - 6 reported the use of a special silicon avalanche photodiode [sin- gle-photon avalanche diode (SPAD)] for detecting single photons with a timing resolution of 60 psec and low dark-count rate. Cova and Ripamonti performed preliminary experiments 7 to test the suitability of the device for use in high-resolution OTDR's. In this Letter a room-temperature photon-counting OTDR apparatus employing the aforementioned silicon device is demonstrated. It provides an extremely high spatial resolution of 1.5 cm (150 psec) while maintaining high sensitivity, so that it can measure Rayleigh backscattering from considerable fiber lengths. Experimental results, obtained at 0.85 gm on multimode fibers with a loss of 3 dB per kilometer, are reported and discussed. It is shown that splices spaced a few centimeters apart are easily observable, and reflection discontinuities lower than 0.1 dB are readily measurable.
In multiscaler measurements 1 -3 ' 8 the time resolution is limited to the minimum available width of the counting-time interval, i.e., to 1 sec in the multichannel analyzer used (LeCroy 3500). In order to attain higher resolution, the time-correlated single-photoncounting technique 9 is therefore used in the present OTDR setup. The time-to-digital-converter (TDC) module of the multichannel analyzer is employed, started in synchronism with the laser pulse and stopped by the first detected photon. The delays of the backscattered photons are thus measured and counted; the minimum available channel width is 156 psec. The generation of the laser pulse and the operation of the TDC are both triggered by a stable clock, permitting them to be synchronized with less than 20-psec jitter. rThe 0.85-gm-wavelength GaAlAs laser diode used has an optical-fiber pigtail and can launch 50-psec pulses into the fiber with peak powers up to 100 mW and a repetition rate from 0.1 to 20 kHz. The output port of a three-port multimode fiber coupler is spliced to the fiber under test; an input port is spliced to the laser pigtail, while the other port is used for coupling to the detector through a microscope objective that focuses the backscattered photons onto the small sensitive area.
The SPAD detector has a simple structure, specifically designed for operating in the triggered avalanche mode. 10 A deep, diffused (about 6 gm) n-guard ring surrounds the shallow n+p active junction (which has a 10-Am diameter and a 1.3-g4m depletion-layer width). The ring avoids edge-breakdown effects, so that the device can reliably operate a few volts above its breakdown voltage (VB = 27.5 V at room temperature). Furthermore, the gettering action during the guard-ring diffusion process reduces the carrier generating and trapping centers in the active area, thus reducing the dark-count rate.
The device is operated with the active-quenching method. 4 ' 5 That is, after every avalanche triggering a fast circuit senses the avalanche rise and switches off the detector by lowering the bias below the breakdown voltage, then holds it off for a controlled time interval, and finally resets it to the operating bias level with a fast transition. In comparison with a conventional passive quenching arrangement, remarkably better performance is obtained from the device in actual working conditions. In particular, it is possible to minimize the after-pulsing effect, which is associated with the trapping and delayed release of avalanche carriers by deep levels in the depletion layer. 6 ' 1 0 In order to achieve this, the duration of the avalanche current pulse is kept shorter than 10 nsec and the duration of the hold-off interval is so adjusted that most of the trapped carriers are released within it. In such conditions, the increase of the dark-count rate R with the excess bias voltage V -VB turns out to be moderate. As is shown in Fig. 1 , by using a total dead time of 200 nsec it is possible to operate at V -VB = 4 V with approximately R = 200 Hz. Such a high excess bias voltage is desirable, as it enhances both the time resolution and the quantum efficiency of the device. 6 The use of even larger dead times does not significantly improve the performance. In fact, the higher the excess voltage, the lower the probability that a carrier injected into the depletion layer will not succeed in triggering the avalanche, so that the detector quantum efficiency wq can approach the value of the product of the optical absorption coefficient and the depletion-layer width. The device actually used in the experiment had about 5% efficiency at X = 850 nm. Its avalanche current pulses had a standard shape, with a 3-mA amplitude at V -VB = 4 V (corresponding to a 1.3-kQ series resistance). With such a pulse amplitude, the noise in the associated circuit does not contribute to the photon-timing resolution: the resolution function of the device 5 ' 6 indeed has 60 psec FWHM. The actual temporal resolutionr of the OTDR measurement is given by the quadratic combination of the channel width, of the laser pulse width, and of the FWHM photon-timing resolution. In the present apparatus, it is practically coincident with the channel width down to its minimum value of 156 psec.
The minimum detectable optical power Pm obviously decreases as the temporal resolution is increased.
As a high number N of measurements is averaged in order to reach high sensitivity, Pm is limited by the dark-count rate R and can be estimated from 1 
where hv is the photon energy in joules. The low darkcount rate R, coupled with a reasonably good quantum efficiency, makes it possible and practical to maintain a high sensitivity up to the highest resolution. With R = 200 Hz and q = 5% (using a 20-min averaging time and a laser repetition rate of 2 kHz), the minimum detectable power is 4 X 10-17 W at 1-gsec resolution, and it is still 3 X 10-15 W at 156-psec resolution, as experimentally verified. The Rayleigh scattering can indeed also be measured at the maximum resolution and from a several-kilometer section of the fiber. Furthermore, the available sensitivity is so high that the time-correlated single-photon-counting technique can be used also to characterize in one measurement a fiber length of -5-10 km. This is illustrated by the experimental measurements shown in Fig. 2, obtained using an 855-m length of graded-index fiber with a 3 dB per kilometer loss and the same laser operated at a lower power level of 10 mW. Without such a high sensitivity it would be necessary, for this purpose, to employ the lower-time-resolution multiscaler technique. In order to test the spatial resolution, several short sections of 50-gum core fiber (numerical aperture 0.22) with lengths varying from 1.5 to 10 cm (cleaved from the same longer fiber) were inserted between the output of the coupler and the 855-m fiber length. A typical experimental result is depicted in Fig. 3 , showing that a 6-cm section of fiber is easily resolved, using only 2-min averaging time, by using the full 100-mW power of the laser pulse. The end (peak C) of the 6-cm section of fiber coupled and spliced to the much longer length and the spliced end of the pigtailed coupler connected to the beginning of the 6-cm section (peak B) are clearly resolved. Furthermore, the 0.1-dB fusion splice (peak A) inside the three-port optical coupler can also be, measured. As a matter of fact, the signal-to-noise ratio is high enough to permit us to estimate that even a splice of only 0.01 dB would be measurable.
In conclusion, we have demonstrated that a singlephoton-counting QTDR can be constructed to measure optical fibers with a light-detection sensitivity of
